Introduction
In Horton and Doxas [1998] we presented a low-dimensional nonlinear dynamical model for the six major energy components of the solar wind driven magnetosphereionosphere. Here we call the model WINDMI and examine several aspects of the model in more detail.
The WINDMI model is derived by writing the electromagnetic field action S F (I, I 1 , V, V 1 ) in terms of the two main current loops I, I 1 for the nightside magnetosphere and their associated voltages V, V 1 . The coupling of the electromagnetic fields to the plasma is through the interaction Lagrangian density L I = j · A − ρΦ where the current j and charge ρ densities have both MHD and non-MHD contributions. In particular, the large gyroradius quasi-neutral sheet component of the geotail current j Σ determines the energy transfer to the mean central plasma sheet pressure p 0 (t) and the divergence of the parallel energy flux controls the unloading of the central plasma sheet pressure. The unloading events are defined by the critical geotail current I c and the rate of unloading by the mean parallel flow velocity. By using the Lagrangian field formulation of the system, the model has a consistent mathematical structure giving a useful framework for a physics-based nonlinear prediction filter. In particular, in the absence of solar wind driving and ionosphere damping, the model conserves energy and is Hamiltonian. With solar wind driving and ionospheric damping, the model is consistent with Kirchhoff's rules expressing the conservation of charge and energy.
A block diagram of the components of the system, and the major feed-forward and feed-back loops is given in Fig. 1 The system has three fundamental time scales: (i) the global MHD cavity mode oscillations of geotail ω 0 ∼ = 1/(LC) 1/2 ∼ = 2π/1 hr, (ii) the MI Alfvén coupling timescale The southward turning of the IMF increases the magnetic stress which increases the energy stored in the nightside geomagnetic tail. The rate of this increase is given in The average period is about 50 min depending on the exact values of the inductance, capacitance and the unloading trigger. The onset condition for the pulsations in the model is controlled by the Hopf bifurcation conditions for the system. The bifurcation analysis [Horton and Doxas, 1996] is complicated but explains the details of the cycling of the system between loading and the unloading of substorms.
During the growth phase of the cycle the geotail current is increasing in time (left portion of the cycles shown in Fig. 4 ) which induces a positive EMF in the nightside region 1 current loop increasing the westward electrojet current. A growth of the geotail current by 1 MA per minute induces approximately 100 kV in the region 1 current loop.
The growth of the nightside region 1 current I 1 reduces the net current I − I 1 in the closure region of the geotail. This reduction of the net geotail current appears as a current diversion. After the onset of the unloading there is a large, rapid increase of the dawn-dusk electric field in both the geotail and in the ionosphere. In the example shown the maximum geotail field exceeds the constant driving voltage by 50%. During this period there is a large increase in both the E × B and parallel flow velocities.
The system then enters the recovery phase where both the current and the voltage are decreasing. Here the plasma pressure begins to increase again as the parallel kinetic energy has dropped to a low level.
The currents are distributed over large regions that are not precisely know.
Both MHD simulations [Brecht et al., 1982; Steinolfson and Winglee, 1993; Fedder and Lyon, 1995; Birn and Hess, 1996] and empirical magnetic field models, such as Tsyganenko, [1989, 1996] , give useful information about the distribution of the currents.
The empirical satellite-based magnetospheric models yield the magnetic field energy W B (I, I 1 ) produced by the geotail current I and the nightside region 1 current loop I 1 .
The expansion of W B in terms of the currents yields the inductances. For a distributed current system the values of the self and mutual inductances of the dominant current loops are defined by the decomposition
( 1) where explicit (Jackson, p. 261) volume integrals over the current densities j(x) can be written for L, M, L 1 . In addition to the plasma associated magnetic energy W B (I, I 1 )
there is the Earth's dipole magnetic energy W dp 770 × 10 15 J. The dipole energy beyond a radius R is W dp (R E /R) 3 and is thus negligible ( 
where L xI is the length of the region 1 and L yI is the dawn-dusk dimension of the region 1 current loop in the central plasma sheet.
The geotail and nightside region 1 current systems, however, are intrinsically coupled. Thus we find the transformation to the two normal mode frequencies and eigenvectors of the MI system. The procedure is to first neglect the ionospheric damping to find the normal modes of the underlying 2-degree-of-freedom Hamiltonian.
The definitions for the capacitances follow from reducing the electric field energy
where ⊥ = ρ m (x)/B 2 (x) accounts for the polarization of the plasma. Thus, the electric field energy is the kinetic energy from plasma convection
With no forcing and damping we write the Lagrangian in terms of the generalized coordinates q 1 , q 2 where
withq 1 = I − I 1 andq 2 = I 1 . The q's may be interpreted as the effective charges associated with the capacitances C and C 1 . The 2 × 2 symmetric matrices T and 
where ω and ω h are the lowest and the highest eigenfrequencies of the coupled system. For a weak coupling approximation we find that the low frequency mode is given approximately by ω
where m = M/(LL 1 ) 1/2 . In the numerical example above m = 1/2. Thus, in the low frequency oscillations V V 1 as in Boyle and Reiff [1997] and the capacitances act in parallel.
For the high frequency oscillations the capacitances act in series and M dI/dt drives the
Conclusions
The WINDMI model has six energy components thought to be essential in describing the state disturbed times of the magnetotail-ionospheric system. These components are also the key energy components of the resistive MHD dynamics of reconnection. They are: (1) lobe magnetic field energy: lobe Knowledge of the interaction between the two plasma current loops is important to understanding the power transfer to the ionosphere from the solar wind dynamo.
The WINDMI model gives a mathematical self-consistent backbone for describing the complex system dynamics of the solar wind driven magnetosphere-ionospheric systems.
